The purpose of this study was to clone the cariocin S1 gene and express it in a non-cariocin-producing strain of Erwinia carotovora. A mutant, TH22-10, which produces a high-molecular-weight bacteriocin but not a low-molecular-weight bacteriocin, was obtained by Tn5 insertional mutagenesis using H-rif-8-2 (a spontaneous rifampicin-resistant mutant of Erwinia carotovora subsp. carotovora 89-H-4). Using thermal asymmetric interlaced PCR, the DNA sequence from the Tn5 insertion site and the DNA sequence of the contiguous 2,280-bp region were determined.
Introduction
Erwinia carotovora subsp. carotovora (Jones) Bergey et al. is a phytopathogenic enterobacterium, responsible for the soft rot, blackleg, or stem rot of a number of economically important crops (20) . The disease is characterized by extensive maceration of the affected tissue caused by a variety of plant cell wall-degrading enzymes secreted by the pathogen. The major pathogenicity determinants are an arsenal of extracellular pectinases, including several pectate lyase isozymes, pectin lyase, pectin methylesterase, and pectin polygalacturonase. In addition, a range of other degradative enzymes such as cellulase and protease are secreted, but their role in virulence is equivocal.
Various aspects of the epidemiology of the disease caused by this phytopathogen is understood, but there is no efficient method, either chemical or otherwise, to control this world-wide disease. Biotechnology is progressing rapidly, and science is opening avenues to solve this difficult problem. Agrochemicals are generally used for the control of this disease, but in a quest for more environmentally friendly control methods, biological control using avirulent bacteriocin-producing mutants of E. carotovora subsp. carotovora is under investigation.
Some bacteria living in a competitive environment secrete proteinaceous toxins, known as bacteriocins, which kill closely related bacteria but not the producer strain itself. According to Klaenhammer, 99% of all bacteria may make at least one bacteriocin (13) . All major groups of Bacteria produce these inhibitors (21) . Their mode of killing can either be membrane pore formation, nonspecific degradation of cellular DNA, cleavage of 16S rRNA and tRNA, or inhibition of peptidoglycan synthesis resulting in cell lysis (22) . Other strains release bacteriocins such as pyocin S (produced by Pseudomonas aeruginosa strain) or colicin (produced by E. coli strain) that are soluble and sensitive to proteases. S type pyocin or colicin is composed of two proteins of different sizes, one responsible for antibiotic activity (the killing protein) and the other conferring immunity (the immunity protein). A conserved consensus sequence (a P box for pyocin, and a SOS box for colicin) in the 5'-upstream region of each operon may act as a regulatory element for bacteriocin production (5, 26) . Among the colicins, there are two main evolutionary lineages, which also distinguish the two primary modes of killing: pore formation and nuclease activity (22) .
A C C E P T E D
According to Kikumoto, the antibacterial activity of two types of bacteriocin produced by avirulent bacteriocin-producing biocontrol agents may contribute to suppression of soft rot disease (11, 17) . There is also strong evidence that avirulent mutant strains of Erwinia carotovora subsp. carotovora effectively control the soft rot disease of Chinese cabbage (12, 28) . A biological control agent trade-named "Biokeeper" has also been developed for the control of this disease in Japan (Central Glass Co., Japan). In view of these reports, identification and cloning of the gene(s) controlling bacteriocin production may facilitate its use in the development of resistant cultivars of Chinese cabbage and tobacco plants, using technology to introduce these genes into plants. About Erwinia species, high-molecular-weight bacteriocins (HMW bacteriocin or large bacteriocin) have structures similar to bacteriophage (10) . Electron microscopy showed that carotovoricin Er has an antenna-like structure, a base plate, several tail fibers (18, 19) , a contractile sheath, and a flexible rod-like structure (10) .
Sequence comparison shows high homology between carotovoricin and phage proteins (19) . To date, no genes encoding the low-molecular-weight bacteriocin (LMW bacteriocin or small bacteriocin) of E. carotovora have been isolated or characterized.
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Bacterial strains, plasmids, media, and growth conditions. The strains and plasmids used are shown in Table 1 . The putative biocontrol agent produces two types of bacteriocin: low-and high-molecular-weight bacteriocins. E. carotovora subsp. carotovora strains were propagated at 28°C on 1.4% nutrient agar (NA) or with shaking in Luria-Bertani (LB) medium with 5 g rather than 10 g of NaCl per liter. E. coli strains were propagated at 37°C in LB medium with shaking. Rifampicin, kanamycin, and ampicillin (all at 50 mg per liter) were added to NA and LB agar where necessary.
Bacterial mating. Bacterial mating was done on NA by the membrane-filter mating method (7), using 0.22-µm pore size membrane filters (Millipore, Inc., Bedford, MA, USA). The filters were placed on NA and incubated overnight at 28°C. Appropriate dilutions of the suspension of the progeny of the mating were spread on modified Drigalski's agar plates (27) containing 50 µg/ml rifampicin and kanamycin, and incubated at 28°C for 24−48 h before the colonies were isolated.
Bacteriocin assays. Bacteriocin production was examined by the double-layer method of Fredericq (6) , but hard and soft IFO-802 medium containing 1.4% and 0.65% agar, respectively, were used. Growth inhibition zones around the colonies were considered an indication of bacteriocin production.
Instead of UV induction, 1 M glucose or lactose was added to induce bacteriocin synthesis.
Genetic engineering technique. Plasmids of E. carotovora subsp. carotovora and E. coli plasmids were isolated by the method of Maniatis et al. (24) . Total DNA was isolated as previously described (16) . (Table 2 ). In addition, three arbitrary degenerate primers (N-1, N-2, and N-3) were used (Table 2 ).
For sequencing of TAIL-PCR products, the ABI PRISM Dye Terminator Cycle Sequencing Ready Reactions Kit was used. Cycle sequencing was carried out on a GeneAmp System 9600 thermocycler. Sequencing using an automated DNA sequencer 373S (ABI) was carried out according to the manufacturer's protocol.
Southern and colony hybridizations, and probe labeling and detection were performed using the DIG DNA Labeling and Detection Kit (Boehringer Mannheim GmbH, Mannheim, Germany) as described by the manufacturer. Hybridization was performed overnight, and the membrane was washed according to the manufacturer's instructions.
The DNA electrophoresis, restriction digestion, ligation, and transformation procedures for E. coli were done as described by Maniatis et al. (24) . Plasmid DNA transformation for E. carotovora subsp. carotovora was performed using the methods of Hinton et al (9) and Hanahan (8) . E. carotovora subsp. carotovora cells were incubated at 35°C until the OD. 550 of the cell suspension was 0.40−0.70 before transformation.
RNA preparation and Northern hybridization experiments. BSM medium
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on July 9, 2017 by guest http://jb.asm.org/ Downloaded from (bacteriocin screening medium; 0.5% sucrose, 0.1% NH 4 Cl, 0.2% KH 2 PO 4 , 0.02% MgSO 4 ．7H 2 O, pH 7.5) was used for carocin S1 production. Total RNA was isolated from E. carotovora subsp. carotovora constructs grown in BSM medium without drugs at 28°C. To determine the stability of H-rif-8-6, TH22-10, TH22-10/carocin S1, Ea1068, Ea1068/carocin S1 strains, the bacteria were grown to a Klett value of ca. 150, at which point rifampicin (0.2 mg/ml) was added to block further initiation. Culture samples (8 ml each) were then withdrawn at various time points into tubes containing 5 ml of ice-cold water, and total RNA was extracted.
Northern blot hybridization was done using 10 µg of total RNA isolated using 34 µl of distilled water. RNA samples were separated through 1% agarose gels in MOPS buffer with 2% (vol/vol) formaldehyde. DNA probes were synthesized by PCR using specific oligonucleotides, PCAR-R2 (for caroS1I) and PCAR-R3 (for caroS1K), derived from the E. carotovora subsp. carotovora sequence as a template (Table 2) .
Template DNAs, caroS1K and caroS1I, were obtained by PCR amplification. The probes were nonradioactively labeled by random priming using the digoxigenin (DIG) High Prime kit (Roche, Mannheim, Germany). To add the correct amount of probe for hybridization, a serial dilution of each probe (0.05−10 pg) was spotted on a nylon membrane, and the labeling sensitivity (amount of labeled DNA per spot) was determined. RNA was transferred overnight to a positively charged nylon membrane Bacteriocin assay for nucleotidase activity. To determine bacteriocin antibiotic activity, 100 µg/10 µl of the CaroS1K protein solution was added to an indicator plate containing Ea1068 or Ea1068/pAYL4 strain growing on soft IFO-802 medium containing 0.65% agar. Growth inhibition zones at the point of addition were considered an indication of carocin S1 activity.
To confirm nucleotidase activity, 500 ng/1 µl genome DNA solution from strain Ea1068 was added into 100 µg/10 µl of the CaroS1K protein solution and incubated at 28°C for 3 h. After incubation, the samples were treated and analyzed by 1.0% agarose gel electrophoresis in TAE buffer.
Computer analysis of sequence data. The nucleotide sequence and the deduced amino acid sequence of carocin H1 were compared using the BLAST and FASTA programs of the National Center for Biotechnology Information server. Sequence data were compiled by DNASIS-Mac software (Hitachi, Tokyo, Japan). Bacteriocin activity of the putative Tn5 insertional mutants. The bacteriocin activity of the test isolates was examined. The parental strain produced a LMW bacteriocin which diffused further from the colony than did the HMW bacteriocin. The zones of inhibition around the putative isolates (insertion mutants) were restricted compared to those of the parent strain (Fig. 1) . This suggests the possibility that transposon Tn5 has been successfully inserted into the genes of the LMW bacteriocin.
Detection of Tn5 gene in the mutants. To ascertain whether the Tn5 was actually inserted into the putative isolates, "nested-PCR" was used to amplify the nptII gene (29), using two oligonucleotide DNA primers, (P-3) and (P-4) ( Table 2) . Almost all the test isolates except H-rif-8-6 produced a ∼500-bp DNA fragment, indicating H-rif- did not harbor the Tn5 gene. Southern blot hybridization also confirmed the above results (data not shown). Homology with other genes and proteins. The predicted amino acid sequences of ORF2 and ORF3 were compared with amino acid sequences deposited in the Swiss-Port protein sequence database. A significant similarity was found between the sequences of ORF2 and ORF3 in E. carotovora subsp. carotovora and those of pyoS3A and pyoS3I of P. aeruginosa, respectively. Designation of ORF2 as caroS1K and ORF3 as caroS1I was therefore proposed. The two genes were called the carocin S1 genes.
Amplification of
Subcloning and expression of carocin S1 gene from H-rif-8-6. The DNA fragment of carocin S1 gene from H-rif-8-6 was amplified by PCR. After PCR amplification of two oligonucleotide primers, CAR-F2 and CAR-R2, the carocin S1 gene was purified, digested by restriction enzymes (Cla I and BamH I), and subcloned into plasmid pACYC177 by T4 ligase. The new plasmid was designated pAYL4. One hundred transformed colonies were isolated using selective LB agar medium containing 100 µg/ml ampicillin after the transfer of pAYL4 into E. coli DH05 and JM101. The presence of the carocin S1 gene was detected using electrophoresis after digestion with Cla I and BamH I. The caroS1 band size was 1.9 kb (data not shown). Carocin S1 activity was not detected after bacteriocin assay using the indicator strain Ea1068 of E. carotovora subsp. carotovora. The pAYL4 plasmid DNA was isolated from
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on July 9, 2017 by guest http://jb.asm.org/ Downloaded from DH05/pAYL4 and transferred into the insertion mutant TH20-10 and the wild type strain of E. carotovora subsp. carotovora Ea1068 (a non-bacteriocin-producing bacteria sensitive to carocin S1). E. carotovora subsp. carotovora strains Ea1068 and E108 were used as indicators to detect bacteriocin-producing colonies. Thirty-two colonies were isolated by selection on LB medium containing kanamycin, rifampicin, and ampicillin (50 µg/ml each), and the carocin S1 gene was detected as previously described. The colonies exhibited zones of growth inhibition when the host was Ea1068, and also many colonies exhibited zones when the host was TH22-10, a mutant derived from H-rif-8-6
( Fig. 2A) .
Transcription analysis of the carocin S1 genes. The plasmid pAYL4, which contains the carocin S1 gene, is expressed in E. carotovora subsp. carotovora Ea1068 and TH22-10 strains from their native promoters. Northern blots of total RNA from H-rif-8-2, TH22-10, TH22-10/pAYL4, Ea1068, and Ea1068/pAYL4 cells incubated in BSM medium at 28°C for 24 h are shown in Fig. 2A . PCR products specific for caroS1K and caroS1I were used as probes in hybridizations. In both cases, caroS1K gene was expressed and detected in H-rif-8-2, TH22-10/pAYL4, and Ea1068/pAYL4 cells. However, caroS1I gene also was detected in all host cells except Ea1068 cells.
Only a 0.4-kb RNA band was detected in the Tn5 insertional mutant strain, TH22-10.
Sequence analysis found similarity to the consensus sequence of the E. coli cyclic AMP receptor protein binding site (CAP site, -312 bp) upstream of the start codon. To prove this finding, the 89-H-4 and Ea1068/pAYL4 cells were treated with water, UV, or lactose. Carocin S1 gene expression was stimulated by either lactose or UV (Fig. 2B) .
Carocin S1 purification and nucleotidase assay. Carocin S1 was collected and purified, and its activity tested (Fig. 3B) . This product produced from 89-H-4 was
on July 9, 2017 by guest http://jb.asm.org/ Downloaded from 13 highly toxic. Homology analysis of this protein showed similarities with pyocin S3, which has nucleotidase activity (Fig. 3A) . Here, carocin S1 was shown to inhibit growth of the indicator strain Ea1068 and have nucleotidase activity.
Nucleotide sequence accession number. The Genebank accession number of the sequence of the carocin S1 gene is AF205141.
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Discussion
The results described here show that E. carotovora subsp. carotovora 89-H-4 has a functional antibacterial gene. Expression of the gene in a non-bacteriocin producing strain of E. carotovora subsp. carotovora, strain Ea1068, results in the production of a bacteriocin (named carocin S1) that is released into the growth medium.
This study is the first to find, clone, and express an LMWB gene of Erwinia species.
The carocin S1 genetic determinant consists of two structural genes, caroS1K and Upstream of the translational start codon, no sequence resembling the consensus sequence for an SOS box (the site for binding of LexA, the repressor of the DNA damage-inducible genes of E. coli [30] ) was found. This may explain why caroS1 could not be expressed in E. coli HB101, but was successfully expressed in E. carotovora subsp. carotovora strain Ea1068 (a non-bacteriocin-producing strain).
Analysis of the genomic sequence around the carocin S1 gene revealed a sequence similar to the consensus sequence of the E. coli cyclic AMP receptor protein binding site (CAP site, -312 bp) upstream of the start codon, which is activated by (25, 26) . With this structure, ribosomes can remain in simultaneous contact with the termination codon of the first gene (caroS1K) and the initiation codon of the second (caroS1I). Thus, caroS1K and caroS1I can be transcribed as a two-gene operon, because the two genes are translationally coupled.
The homology search found that the carocin S1 gene was homologous to the pyocin S3 and AP41 genes in P. aeruginosa from position 1078 to 1704; these genes encode nuclease (domain 4) (27) (Fig. 4) . This suggests that the carocin S1 gene may also encode a similar nuclease. Although the remaining sequence (622 to 1078 bp) had low homology with domain 1 or 3, it may encode functions that are the same or similar to those of domain 1 (receptor binding domain) or domain 3 (translocation domain) or both (27) .
The LMWB of Erwinia species was not induced by mitomycin c (data not shown), which is a DNA-damaging agent commonly used for colicin production in E. coli but was induced by UV exposure and glucose. Recently, similarity between LMWB A C C E P T E D on July 9, 2017 by guest http://jb.asm.org/ Downloaded from glucose was reported (22) , but more study is needed to determine how receptor interaction affects bacteriocin induction.
Here, we proved that carocin S1 has nucleotidase activity and can be induced by glucose. The activity of each domain of carocin S1 and effect of the promoter region will need further study to determine the regulatory mechanism of glucose induction.
To our knowledge, this is the first time that an LMWB gene (the carocin S1 gene) from E. carotovora subsp. carotovora has been cloned and expressed. This gene can now be introduced into tobacco, Chinese cabbage, or other plant species by transgenic techniques to protect them against soft rot disease. TH22-10/pAYL4, Ea1068, and Ea1068/pAYL4 cells incubated in BSM medium at 28°C for 24 h was subjected to Northern blot analysis. E. carotovora subsp. carotovora strain Ea1068B was used for the bacteriocin activity test. B, Carocin S1 expression after water, UV, glucose, and lactose stimulation. The producer strains were 89-H-4 and Ea1068/pAYL4, and the indicator strain was Ea1068. Fig. 3 . DNase activity of carocin S1 against genomic DNA from E. carotovora subsp. carotovora Ea1068. A, Analysis of the killing activity of purified carocin S1. Carocin S1 was purified from 89-H-4 (1), H-rif-8-6 (2), TH22-10/pAYL4 (3), and Ea1068/pAYL4 (4) strains, and then added to the indicator plates to test its killing activity. The indicator strain is Ea1068/pAYL4 in the left plate and Ea1068 in the right. 
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